The grass tribe Paniceae includes a monophyletic subclade of species, the MPC clade, which 12 specialize in each of the three primary C4 sub-pathways NADP-ME, NAD-ME and PCK. The 13 evolutionary history of C4 photosynthesis in this subclade remains ambiguous. Leveraging 14 newly sequenced grass genomes and syntenic orthology data, we estimated rates of protein 15 sequence evolution on ancestral branches for both core enzymes shared across different C4 16 sub-pathways and enzymes specific to C4 sub-pathways. While core enzymes show elevated 17 rates of protein sequence evolution in ancestral branches consistent with a transition from 18 C3 to C4 photosynthesis in the ancestor for this clade, no subtype specific enzymes showed 19 similar patterns. At least one protein involved in photorespiration also showed elevated rates 20 of protein sequence evolution in the ancestral branch. The set of core C4 enzymes examined 21 here combined with the photorespiratory pathway are necessary for the C2 photosynthetic 22 cycle, a previously proposed intermediate between C3 and C4 photosynthesis. The patterns 23 reported here are consistent with, but not conclusive proof that, C4 photosynthesis in the 24 MPC clade of the Paniceae evolved via a C2 intermediate. 25 29
The common ancestor of the MPC clade utilized the C 4 NADP-ME pathway and the NAD-ME and PCK clades represent later evolutionary changes from one C 4 subtype to another; C) The common ancestor of the MPC clade utilized either the C 4 NAD-ME and PCK pathways or a mix of both; D) The common ancestor of the MPC clade utilized utilized all three pathways simultaneously (Washburn et al., 2017). Black arrow indicates the ancestral branch for the MPC subclade within the Paniceae.
to the aggregate C 3 branch values.
Results

141
The evolutionary patterns of ten genes encoding enzymes either unique to individual pathways of 142 C 4 photosynthesis or shared by two or more pathways were investigated ( Figure 2 ). The selection of 143 genes for investigation was guided both by the strength of literature supporting their specific roles 144 in one or more pathways of C 4 photosynthesis and the identification of high confidence orthologs 145 in as many of the grass species included in this analysis (Table 1) . Two different signatures 146 were possible for genes which experienced positive selection as part of a transition from C 3 to 147 C 4 photosynthesis. The first of these two potential signatures is an unambiguous signal where 148 the rate of nonsynonymous substitutions (dN) exceeds the rate of synonymous substitutions (dS) 149 on a given branch (i.e. dN/dS >1) ( Figure 3 ). This signal can be observed either on extremely 150 short branches, or when positive selection continued for long periods of time. The second potential 151 signal is more ambiguous. When an interval of positive selection occurs on a given branch but is 152 preceded and/or followed by purifying within the same branch, the effects of these two intervals 153 cannot be disambiguated without including additional outgroups to break up the branch into short 154 segments. As a result, in branches that include both positive and purifying selection dN/dS will be 155 elevated relative to branches experiencing purely purifying selection. However, despite the presence 156 of positive selection, the dN/dS ratio for the entire branch may still still be less than 1 ( Figure   157 3). Unfortunately, the same signature (elevated dN/dS ratios relative to other branches but not 158 exceeding a ratio of one) is also produced in cases of relaxed selection of pseudogenization. Here Table 1 : List of enzymes investigated as part of this study, and the set of C 4 subpathways each enzyme was inferred to contribute to based on the literature. in the ancestral branch, but showed significantly faster rates on the proso and pearl millet branches 170 compared to their C 3 counterparts ( Figure S1 ).
171
None of the subtype specific enzymes showed significantly higher dN/dS values than the back-172 ground C 3 genes in the common ancestor of C 4 species branch ( Figure S2 ). Dicarboxylic acid 173 transporter 2 (DCT2), NADP-ME and MEP3b are all employed in the NADP-ME C 4 subtype.
174
Both NADP-ME and MEP3b enzymes showed a significantly faster evolutionary rate in all branches 175 of the NADP-ME subtype (foxtail millet, pearl millet and their ancestral branch) and most other 176 C 4 branches compared to the background C 3 rate. The C 4 branches showing no significant differ-177 ences in dN/dS relative to the background C 3 rate were: P. hallii for the NADP-ME enzyme, and both P. hallii and NAD-ME ancestor for MEP3b. DCT2 exhibited a similar pattern to the other two enzymes, with the exception of the branch leading to S. italica. An evolutionary pattern shared among NADP-ME, MEP3b and DCT2 enzymes was a significantly faster evolutionary rate in U.
fusca and proso millet, which perform PCK and NAD-ME subtypes, respectively, compared to 182 the background C 3 rate. NADP-MDH only showed significantly faster evolutionary rates than C 3 183 branches in pearl millet, NADP-ME species, and the ancestral branch of NAD-ME subtype. Both and PCK subtype species compared with C 3 species (Table 2) . Table 2 : List of enzymes employed in this study which showed elevated rates of protein sequence evolution relative to the C 3 background in one or more branches leading to C 4 species. Cases highlighted in red showed elevated rates of protein sequence evolution in at least one branch which is inconsistent with the canonical assignment of MPC grasses into three clades each utilizing a single distinct C 4 pathway. *this branch was marginally insignificant p = 0.062.
In addition to the 10 C 4 photosynthesis related enzymes studied here, the approach used to find 187 genes involved in the C 4 cycle was used to retrieve the sequences of genes encoding two enzymes 188 involved in the photorespiratory pathway: glycolate oxidase (GOX) and serine hydroxymethyl-189 transferase (SHMT). Both enzymes exhibit faster rates of protein sequence change in branches 190 leading to C 4 species than in branches leading to C 3 species. GOX is localized in the peroxisome 191 while SHMT is localized in the mitochondria (Figure 4) . The evolutionary pattern of these enzymes 192 were different. GOX showed a faster evolutionary rate than C 3 species branches in the ancestral 193 branch of all Paniceae, the branch leading to U. fusca, the ancestral branch of S. italica and P. 
Discussion
200
The emergence of C 4 photosynthesis in more than sixty plant lineages remains a fascinating example 201 of the parallel evolutionary emergence of a complex trait. Reconstruction of protein sequence 202 evolution on ancient branches provides a potential window into the mechanisms plants employed 203 to cope with a comparatively rapid drop in CO 2 concentrations in the atmosphere. Here we used 204 sequence data from eight grass species to examine the patterns of evolution in an ancestral lineage 205 that split from its closest sequenced C 3 relative 18 million years ago, and gave rise to a diverse set for critical reading and commentary on earlier versions of this manuscript. 
